Please cite this article as: Xiaoyun Dong, María Guadalupe Herrera-Hernández, Eva Ramon, Pere Garriga, Docosahexaenoic acid phospholipid differentially modulates the conformation of G90V and N55K rhodopsin mutants associated with retinitis pigmentosa, BBA -Biomembranes (2017), doi:10.1016/j.bbamem.2017 This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.
Introduction
G protein-coupled receptors (GPCRs) constitute one of the largest protein families in the mammalian genome. 1 A wide range of different external stimuli are known to activate GPCRs, like ions, organic odorants, amines, peptides, proteins, lipids, nucleotides and photons enabling signal transduction to the interior of the cell. 2, 3 Considering their roles in cell signal transduction, GPCRs are main targets for drug development towards a number of pathological conditions. GPCRs are grouped into six families with the rhodopsin (Rho)-like family (Class A) as the largest subfamily of receptors. 4 The visual photoreceptor Rho is a prototypical member for Class A GPCRs superfamily. Rho consists of a seven-helical transmembrane opsin apoprotein and an 11-cis-retinal chromophore, linked to K296 of the protein via a protonated Schiff Base (SB) linkage. 5, 6 The atomic structure of the inactive dark state of Rho and other relevant conformational states have been determined by X-ray crystallography. 7, 8 Upon photon absorption, 11-cis-retinal isomerizes to all-trans-retinal and triggers receptor activation by means of conformational rearrangements leading to the active metarhodopsin II (Meta II) conformation that initiates G-protein signal transduction. 6, 9, 10 Retinitis pigmentosa (RP) is a diverse group of eye disorders causing retinal degeneration and leading to blindness. 11, 12 RP associated with mutations in Rho is proposed as mainly a protein-misfolding disease caused by heterogeneous mutations which modify the cellular fate and induce photoreceptor cell death. [13] [14] [15] In addition to protein misfolding, other molecular mechanisms for RP, like retinal regeneration alterations and thermal instability have been proposed. 12, 16, 17 Typically, Rho mutants are purified in the mild neutral detergent n-Dodecyl-β-D-maltoside (DM) which may accentuate this structural instability.
18
To protect the membrane protein stability and function, a physiologically-relevant lipid bilayer environment was used. [19] [20] [21] [22] Herein, Rho stability and function. 22, 24, 30 We have previously demonstrated the specific role of DHA phspholipid in increasing native Rho thermal stability. 24 Therefore, the study of Rho mutants in DDHA-PC liposomes is a more appropriate system to reveal novel clues for understanding the degeneration mechanisms of RP in a native environment. To this aim, we have analyzed the conformational properties of the highly unstable G90V and N55K mutants associated with classical and sector RP, respectively.
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We have found that purified G90V and N55K mutants can be successfully reconstituted in DDHA-PC liposomes but the conformational properties of the two mutants are completely different. In the case of G90V, the lipid environment increased the thermal stability in the dark and improved opsin conformational stability allowing efficient ligand binding and chromophore regeneration after complete Meta II decay. DDHA-PC liposomes also speeded up the retinal release process. In the case of N55K, neither obvious thermal stability enhancement nor retinal entrance after Meta II decay in DDHA-PC liposomes were observed. The only feature that was shared with the G90V mutant was an accelerated retinal release rate after illumination. These results confirm the diverse effect of DDHA-PC on Rho mutants and highlight the different response of classical RP and sector RP mutants to the specific lipid environment depending on the conformational properties of these distinct mutations.
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7 proteoliposomes system consisted of 1.05 mM DDHA-PC liposomes and 1.4 µM WT or mutants (750:1 molar ratio).
Ultraviolet-visible (UV-Vis) absorption spectra of WT, G90V and N55K
All the measurements were carried out in a Cary 100Bio spectrophotometer (Varian, Australia), equipped with water-jacketed cuvette holders connected to a circulating water bath. A Peltier accessory connected to the spectrophotometer was used to control the temperature. All spectra were recorded in the 250 nm-650 nm range with a bandwidth of 2 mm, a response time of 0.1 s, and a scan speed of 300 nm/min.
Thermal bleaching assay by UV-Vis spectroscopy
UV-Vis spectroscopy was used to follow WT and mutants thermal stability. WT and mutants thermal bleaching rates were obtained, in the dark, by monitoring the decrease of the maximum absorbance value in the visible spectral band (λ max ) over time at 48°C.
Spectra were recorded every min. Data points were obtained by using the equation , where A is the absorbance at λ max , Af is the absorbance at the final time, and A0 is the absorbance at time 0. The half-life time (t 1/2 ) for the process was determined by fitting the experimental data to single exponential decay curves using Sigma Plot version 11.0 (Systat Software, Chicago, IL, USA). Experiments were performed at least three times using independently purified samples. Experiments were performed at least three times using independently purified samples.
Results
UV-Vis spectrophotometry of purified WT and mutants
The UV-Vis spectral features of WT, G90V and N55K mutants in detergent DM solution are very similar to those previously reported ( Figure 1 ). 31, 32 For all opsins, the dark-state
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9 spectra showed two main characteristic bands: one at λ 280nm corresponding to the opsin apoprotein and the other at the visible region corresponding to the retinal chromophore covalently bound to the protein. 35 The λ max value of the visible chromophoric band of WT, G90V and N55K mutant is 499 nm, 489 nm and 495 nm respectively. In DM detergent, the A 280 /A max ratio of WT is 1.9, whereas the ratio of G90V and N55K is 3.5 and 6.3, respectively, being much higher than WT ( Figure 1 ). This higher A 280 /A max ratio could be associated with possible misfolding, aggregation or regeneration impairment of the mutants.
UV-Vis spectroscopy was also used to characterize Rho behavior after illumination. showed an incomplete conversion of the visible band in DM, 31 compatible with the formation of a photointermediate containing a protonated SB linkage. 32 The photobleaching behaviour is better appreciated in the difference spectra (insets in Figure   1 ).
The WT and mutants spectra were also recorded in DDHA-PC liposomes ( 
DDHA-PC liposomes increase WT and G90V thermal stability
The thermal stability of the dark state conformations of WT and G90V and N55K mutants in DM and in DDHA-PC were measured at 48ºC. 31 The thermal decay process in the dark is associated with retinal chromophore isomerization, hydrolysis of the protonated SB linkage, and eventual protein irreversible denaturation. 36, 37 The stabilizing effect of DDHA-PC lipids on WT can be clearly observed ( Figure 3 ).
The main finding is that DDHA-PC could significantly stabilize the dark conformation of WT and G90V mutant, whereas no significant increase in stability could be detected for the N55K mutant ( Figure 3 ). This marked effect appears to be specific of the DDHA-PC system because experiments conducted with DMPC liposomes do not provide the same degree of stabilization ( Figure 2, supplementary information) .
Retinal release kinetics and opsin conformational stability 
Discussion
DHA is present at high concentrations in the retina and in the brain. The functional role of this molecules has been previously investigated in the past decades. 26, [38] [39] [40] As the major polyunsaturated fatty acid in the rod outer segments of the photoreceptor cells, DHA level was associated with altered photoreceptor function in n-3 fatty acids deficient animals. 38, 41 It was also proposed that efficient and rapid propagation of G protein-coupled signaling is optimized by DHA phospholipid acyl chains.
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12 study, we demonstrated the specificity of DHA in stabilizing native Rho as compared with other phospholipids that did not produce any stability increase. 24 In our current study we used DDHA-PC to obtain liposomes to investigate the effect of this system on the stability and regeneration properties of Rho mutants associated with RP for the first time.
Our main aim was to try to revert some of the conformational features (namely conformational instability) caused by mutations in Rho associated with the retinal degenerative RP disease. G90V located in helix 2, associated with classical RP, and N55K located in helix 1, associated with sector RP were used as prototypic mutations in order to study with the potential effect of DHA in vitro.
UV-Vis spectroscopy was used to monitor the chromophore changes in WT, and G90V
and N55K mutants upon photobleaching, and compared between DM and DDHA-PC liposomes conditions (Figures 1 and 2 ). After 30 s illumination, WT liposomes displayed a complete conversion of the visible band to the 380 nm absorbing species; the same behavior observed in DM detergent. In contrast, the mutants, but particularly N55K liposomes , showed a slight partial photoconversion of the visible species to a photointermediate with a protonated SB linkage, when compared to DM conditions.
We have found that DDHA-PC liposomes improve the thermal stability of Rho compared with DM solution. When reconstituted into DDHA-PC liposomes (Figure 3 ), G90V liposomes increased 4-fold the thermal stability compared to G90V DM at 48ºC
suggesting that the SB linkage was better protected from hydrolysis. 37 Contrarily, N55K
showed similar thermal stability both in DM and in DDHA-PC liposomes. This finding shows that the lipid environment does not improve the stability of the N55K mutant as in the case of G90V, suggesting a strong disruptive effect of the mutation for the sector RP N55K mutation.
13 DDHA-PC liposomes accelerate the 11-cis-retinal release rate according to the fluorescence spectroscopic experiments (Figure 4 Figure 4 ). This particular phenotype can be associated with a specific role of the introduced lysine, 32 at the cytoplasmic side of TMs 1, 2 and 7 close to this residue, that could affect retinal accessibility/release to/from the opsin binding pocket. In addition the reduced stability of the dark-state conformation of the receptor would also certainly contribute to the observed fluorescence results. This residue is located nearby the prospective retinal channel proposed in Rho. 43 The unperturbed fluorescence spectra, upon retinal addition to N55K, suggest a lack of retinal binding to the N55K opsin pocket (Figure 4 ). This could lead to impaired receptor recycling causing protein aggregation and subsequent degradation. A plausible hypothesis is that the N55K degradation pathway would become overloaded with non-regenerated and aggregated N55K that would be toxic to the retinal cells being responsible for the sector clinical phenotype. In this regards, the particular phenotype of N55K has been associated with sector RP and the potential effect of light.
32
The neutral polyunsaturated DHA chains can play a key biological function in lipid-protein interactions associated with the complex process of vision. We have shown
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14 that DHA increases the thermal stability of the G90V mutant but not significantly that of the N55K mutant, which could be consistent with the lipid-protein region of interaction and its specific physiological response. DHA does not appear to protect the opsin conformation in the case of the N55K mutant, as in the case of the classical RP G90V mutant and it does not facilitate retinal uptake after complete MetaII decay. This effect could be associated with the specific role of the lysine mutation as discussed previously. 32 The results obtained emphasize the distinct role of DHA on the G90V and N55K
mutations associated with different RP phenotypes.
The effects observed can be associated with the chemical nature of the DHA lipid.
Different from saturated and monounsaturated hydrocarbon chains, the neutral polyunsaturated DHA has a unique chemical structure with six cis-locked double bounds.
The number of freedom degrees of DHA chains is substantially lower which could be indicative of rigidity. Polyunsaturated chains in crystals form highly ordered, elongated structures with angle-iron or helical arrangement of double bonds. The experimental results suggest that the low order in bilayers with high DHA content is a direct consequence of both high conformational flexibility and rapid structural conversions of DHA chains themselves without significant energetic penalty. 44 NMR data proved that the processes were determined by fitting the experimental data to single exponential decay curves using Sigma Plot version 11.0. All average and standard deviation were determined from three independent experiments. Statistical significance was determined by unpaired two-tailed Student's t-test using SigmaPlot. P values < 0.05 were considered to be statistically significant. In our study, the differences found between DM and DDHA-PC were statistically significant except in the case of N55K(*) mutant thermal 
